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Abstract Evaluation of vascular mechanics through two-
dimensional speckle-tracking (2D-ST) echocardiography is
a feasible and accurate approach for assessing vascular
stiffening. Degenerative aortic stenosis (AS) is currently
considered a systemic vascular disease where rigidity of
arterial walls increases. To assess the circumferential
ascending aorta strain rate (CAASR) in thoracic aortas of
patients with AS, applying 2D-ST technology. 45 patients
with indexed aortic valve areas (iAVA) B0.85 cm2/m2
were studied. Global CAASR served to assess vascular
deformation. Clinical, echocardiographic, and non-invasive
hemodynamic data were collected. A follow up (955 days)
was also performed. Average age of the cohort was
76. ± 10.3 years, with gender balance. Mean iAVA was
0.43 ± 0.15 cm2/m2. Waveforms adequate for determining
CAASR were found in 246 (91 %) of the 270 aortic
segments evaluated, for a mean global CAASR of
0.74 ± 0.26 s-1. Both intra- and inter-observer variability
of global CAASR were deemed appropriate. CAASR cor-
related significantly with age (r = -0.49, p\ 0.01), the
stiffness index (r = -0.59, p\ 0.01), systemic arterial
compliance and total vascular resistance. There was a
significant positive correlation between CAASR, body
surface area (BSA), iAVA, and a negative relationship with
valvulo-arterial impedance and E/e’ ratio (r = -0.37,
p = 0.01). The stiffness index was (b = -0.41, p\ 0.01)
independently associated with CAASR, in a model adjus-
ted for age, BSA, iAVA and E/e’. Patients with a baseline
CAASR B0.66 s-1 had a worse long-term outcome (sur-
vival 52.4 vs. 83.3 %, Log Rank p = 0.04). CAASR is a
promising echocardiographic tool for studying the vascular
loading component of patients with AS.
Keywords 2D-ST echocardiography  Aortic stenosis 
Vascular mechanics  Vascular stiffness  Prognosis
Introduction
Degenerative calcific aortic stenosis (AS) is currently
viewed as a complex, multifaceted and systemic disease
[1], displaying atherosclerotic-like and elastocalcinosis-
like vascular changes that increase arterial wall rigidity [2].
Thus AS is not limited to valvular disease [2]. Arterial
compliance is also reduced, and left ventricular (LV)
geometry and function are altered [3].
Although the vascular component of AS is utmost
importance, there is currently no gold standard method for
determining local arterial stiffness. Available non-invasive
methods show considerable differences in validity and
reproducibility [4, 5]. Surrogates for arterial stiffness may
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be derived non-invasively from pulse transit time, arterial
pressure waves, or relational changes in vessel diameter
and distending pressure. The latter may be expressed as
distensibility, compliance, elastic modulus, or stiffness
index (b1) [6].
Two-dimensional speckle-tracking (2D-ST) echocardi-
ography involves identification of specific acoustic markers
(i.e., speckles) in grey-scale images, tracking them frame–
by-frame throughout the cardiac cycle. This enables angle-
independent calculations of motion and deformation vari-
ables, such as velocity, displacement, strain (e), and strain
rate (SR). A number of speckle-tracking algorithms have
been developed, albeit aimed primarily at cardiac appli-
cations [7, 8]. Since 2008, 2D-ST studies have proved
successful in assessing local vascular wall properties of
proximal elastic arteries [9–11]. Apart from circumferential
vascular e, the rate of deformation, named the circumfer-
ential SR is other published index of vascular stiffening
and aging [9].
The current study was designed to: (1) assess circum-
ferential ascending aorta strain rate (CAASR) using 2D-
ST echocardiography in patients with moderate to severe
degenerative AS; (2) to identify predictors of CAASR; (3)
to analyze the association of CAASR with LV afterload
variables; (4) finally to study the CAASR prognostic
significance.
Methodology
A total of 53 consecutive patients referred for echocardi-
ography in a single laboratory were enrolled for a 2-month
study, between January and February 2012. Each patient
had a calculated aortic valve area B0.85 cm2/m2. Eight
patients were eliminated due to poor-quality images. The
final cohort consisted of 45 patients with moderate to
severe AS, as previously detailed [12].
Informed consent was obtained from all participants.
The local ethics committee approved this protocol.
Clinical data, systemic arterial hemodynamics
and follow-up
Data recorded for each enrollee at admission included age,
weight, height, and medical conditions (diabetes, hyper-
tension, and congestive heart failure). The body surface
area (BSA) was estimated according to the formula by
DuBois and DuBois [13].
Systemic arterial pressure was measured using an arm cuff
sphygmomanometer (right brachial artery) simultaneously
with Doppler measurement of left ventricular outflow tract
(LVOT) stroke volume. Indexed systemic arterial compliance
(SAC)was calculated as follows: SAC = SVI/PP, where SVI
is stroke volume index and PP is brachial pulse pressure. A
low state of compliancewas defined as SACB0.6 ml/mmHg/
m2 [2]. Total vascular resistance (TVR) was estimated as
follows: TVR = 80 9 MAP/CO, where MAP is mean arte-
rial pressure (i.e., diastolic pressure plus one-third brachial
pulse pressure) and CO is cardiac output [14]. Elevated TVR
was defined as SVR[2,000 dynes/sec/cm-5 [2].
In November 2014, a clinical follow-up was performed
by LL, who was blinded to the standard and advanced
echocardiographic data. The following outcomes were
analysed: all cause mortality; cardiovascular mortality;
aortic valve replacement (AVR); and heart failure hospi-
talization due to AS. We also assessed a combined end-
point of mortality ? AVR ? heart failure hospitalization.
Echocardiography
A Vivid 7 (GE Healthcare, Horton, Norway) cardiovas-
cular ultrasound device was used, with a 1.7/3.4 MHz tis-
sue harmonic transducer. Complete echocardiographic
studies called for standard views and techniques stipulated
by established guidelines [15]. In addition, short-axis views
of ascending aorta, past sinotubular junction (usually
2–3 cm above aortic valve), were obtained at a high frame
rate (mean value, 71.1 ± 5.3/s). For this purpose, machine
settings were manually adjusted to optimize 2D aortic wall
tracings and 2D-ST gray-scale definition. All images were
acquired at end-expiratory apnea. Loops of three cardiac
cycles were stored digitally and analyzed offline via cus-
tom software (EchoPAC 9.0, GE Healthcare, Horton,
Norway).
Left ventricular assessment
Linear measurements of interventricular septum and pos-
terior LV wall thickness and internal LV dimensions were
acquired through a 2D long-axis parasternal window, in
accord with accepted guidelines [16]. LV mass was cal-
culated using a corrected formula of the American Society
of Echocardiography and indexed for BSA [16].
Left ventricular end-systolic and end-diastolic volumes
and LV ejection fraction (LVEF) were assessed using the
modified Simpson’s rule (method of disks) [16]. LV car-
diac index was calculated as the product of heart rate and
indexed stroke volume for BSA. Stroke volume was
obtained by LV outflow Doppler method as the product of
LVOT area and LVOT time-velocity integral [17]. E/e’
ratio (e’ being an average of septal and lateral walls in
tissue Doppler imaging) was used to estimate LV filling
pressures [18].
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Global LV afterload, elastic properties of aorta,
and severity of aortic valvular stenosis
Valvuloarterial impedance (ZVA), as a measure of global LV
afterload, was calculated as follows: ZVA = SAP ? MG/
SVI, where SAP is systolic arterial pressure andMG is mean
transvalvular pressure gradient [2].
Aortic distensibility (D) and stiffness index (b1) were cal-
culated as follows: D = 2(As-Ad)/[Ad (Ps-Pd)] in cm
2
dyne211026 and b1 = ln(Ps/Pd)/(As-Ad)/Ad [19], where Ps
and Pd are systolic and diastolic arterial pressures, and As and
Ad are M-mode guided systolic and diastolic ascending aortic
diameters, 2–3 cm above aortic valve. Ad was obtained as R
wave peaked in simultaneously recorded electrocardiogram,
and As was measured at maximal anterior aortic wall motion.
Classic Doppler echocardiographic indices of AS
severity were assessed as well, including transvalvular
(peak and mean) pressure gradients (by modified Bernoulli
equation), indexed aortic valve area (iAVA) by continuity
equation, and dimensionless velocity index (as ratio of
LVOT time-velocity integral to aortic jet time-velocity
integral). Energy loss index (ELI) was determined as fol-
lows: (AVA 9 AA/AA-AVA)/BSA, where AA is aortic
cross-sectional area at level of sinotubular junction [20].
Two-dimensional speckle-tracking strain
echocardiography
As in a prior publication of ours [12], calculations of
regional and global thoracic ascending aortic mechanics
relied on 2D-ST technology. With a line manually drawn
along the inner aspect of aortic wall in short axis, additional
lines were automatically generated (via 2D-ST) at the outer
aspect of vessel wall. Considering the relative thinness of
vascular walls (compared with cardiac walls), region of
interest width was reduced to the minimal value allowable
by software, as previously suggested [21]. The initial sys-
tolic frame generally served as the frame of interest, to
include maximal aortic wall expansion and recoil. As in
other instances [10, 22], aortic wall was divided into six
equidistant regions, all similar in size. In each region,
numeric expressions of each 2D-ST variable represented
mean values calculated from all points in arterial segments.
These were color-coded and shown as a function of time
throughout the cardiac cycle. Quantitative curves, depicting
all regions, were possible for each 2D-ST variable. The
tracking process and conversion to Lagrangian strains were
performed offline, using dedicated software. CAASR
curves generated here were aligned with those generated
elsewhere [6, 9] and included a positive early systolic peak.
Global CAASR was then calculated as the mean of peak
values for the six segments (Fig. 1).
For the follow-up analysis we used data from our prior
publication [12], regarding the global circumferential
ascending aortic strain (CAAS).
We have also analyzed the LV global longitudinal e
with the 2D-ST. We calculated a mean value of 18 myo-
cardial segments, 6 from each of the three standard apical
views as previously reported [23].
Statistical analysis
The Kolmogorov–Smirnov test was used to confirm normal
distribution of all continuous variables, expressed as mean
and standard deviation. Student’s t test or Anova were applied
for group comparisons. Individual variables were checked for
homogeneity of variance via Levene’s test. Categorical vari-
ables were reported as frequencies and percentages, and v2 or
Fisher exact tests were used when appropriate.
Based on stored images of 15 randomly selected
patients, intra- and inter-observer reproducibility of CA-
ASR values were assessed by Bland–Altman method [24]
and intra-class correlation coefficient (ICC) [25].
Pearson’s correlation was used to analyze the relation-
ship between CAASR and an array of continuous variables.
A linear regression analysis was performed thereafter to
identify independent predictors of CAASR. We created
three different models, one with clinical data, one with
afterload data, and one with valvular plus LV data. A final
multivariate model including clinical, afterload and LV
data was subsequently elaborated. Variables identified as
significant on the bivariate analysis (p\ 0.05) and with
clinical relevance, were included in the model.
A receiver-operating characteristic (ROC) curve ana-
lysis was used to compute the discriminatory power of
CAASR to predict survival. The cumulative survival
curves were constructed using the Kaplan–Meier method,
and the groups were compared with the Log-Rank test.
A p value\ 0.05 in two-tailed tests was considered sta-
tistically significant. All data calculations and analyses relied
on SPSS 15, Medcalc 12.1.4 and GraphPad Prism 6.05
statistical software packages.
Results
Average age of the 45patients studiedwas 76.8 ± 10.3 years,
with gender balance. Mean iAVA was 0.43 ± 0.15 cm2/m2.
Waveforms adequate for measuring CAASR were
present in 246 (91 %) of the 270 arterial segments evalu-
ated. Mean global CAASR was 0.74 ± 0.26 s-1 (Table 1).
Circumferential ascending aorta strain rate correlated
significantly with age (r = -0.49, p\ 0.01), BSA, and
pulse pressure. It also showed significant associations with
systemic arterial hemodynamic and aortic elastic variables
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such as SAC (r = 0.54, p\ 0.01) (Fig. 2, Panel A), TVR
(r = -0.49, p\ 0.01), and b1 (r = -0.59, p\ 0.01)
(Fig. 2, Panel B).
There was a significant positive correlation between
CAASR and iAVA (r = 0.44, p\ 0.01) and a negative
correlation with ZVA (r = -0.59, p\ 0.01).
With respect to LV performance variables, global CAASR
correlated significantly with SVI (r = 0.36, p = 0.02), with
LVEF, and with E/e’ ratio (r = -0.37, p = 0.01) (Table 2).
We created three multivariate models to predict CA-
ASR, based on clinical (Table 3), afterload (Table 4) and
on valvular plus LV data (Table 5). We then constructed a
new model that included the most relevant variables from
each previous model. We demonstrated that the stiffness
index was (b = -0.41, p\ 0.01) independently associated
with CAASR, when adjusted for age, BSA, iAVA and
estimated LV filling pressures (Table 6). This model had
the highest R2 (0.57) of all.
Agreement and reproducibility
Intra-observer variability of CAASR was 0.01 s-1 (95 %
confidence interval [CI] 0.08–0.1 s-1) (Fig. 3, Panel A).
The ICC of intra-observer CAASR variability was 0.97
(95 % CI 0.93–0.99).
Inter-observer variability of CAASR was -0.02 s-1
(95 % CI 0.16–0.11 s-1) (Fig. 3, Panel B). The ICC of
inter-observer CAASR variability was 0.97 (95 % CI
0.91–0.98).
Fig. 1 Global CAASR (s-1)
generated from short axis view
of aorta, 2–3 cm above aortic
valve. (a) Thoracic ascending
aorta region of interest (short
axis view). (b) Color M-mode of
CAASR for all regions during
cardiac cycle. (c) Color-coded
curves of defined aortic segment
(depicted in figure); global
CAASR indicated by white
dotted curve. Circumferential
SR (first peak after ventricular
systole) assumes early positive
value due to vessel wall
expansion
Table 1 Circumferential ascending aorta strain rate
Total population (n = 45)
Global CAASR (s-1) 0.74 ± 0.26
Segment 1 CAASR (s-1) 0.57 ± 0.39
Segment 2 CAASR (s-1) 0.74 ± 0.32
Segment 3 CAASR (s-1) 0.83 ± 0.39
Segment 4 CAASR (s-1) 0.83 ± 0.39
Segment 5 CAASR (s-1) 0.78 ± 0.43
Segment 6 CAASR (s-1) 0.68 ± 0.36
CAASR circumferential ascending aortic strain rate
Fig. 2 a Correlation between global CAASR and SAC, b Correlation
between global CAASR and b1
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Follow up analysis
Data was available for all 45 patients, with a median fol-
low-up time of 955 (536–1,029) days. During this time 14
(31 %) patients died. CAASR was significantly lower for
the patients who died during follow up (0.61 ± 0.18 vs.
0.80 ± 0.28 s-1, p = 0.03); conversely, no difference was
identified regarding CAAS. A similar association was
noted for CAASR to estimate cardiovascular mortality. No
association was found with aortic mechanics (either strain
or SR) regarding other endpoints, as AVR and admission
for heart failure—Table 7.
A CAASR cutpoint of 0.66 s-1 showed 71.4 % sensitiv-
ity and 64.5 % specificity to predict mortality during long-
term follow up (AUC, 0.70; 95 % CI 0.54–0.82, p = 0.02).
Patients with a baseline global CAASR[0.66 s-1 had a
significant higher survival rate (83.3 vs. 52.4 %, Log Rank
p = 0.04) (Fig. 4) than patients with values\0.66 s-1.
Utility of aortic strain rate in estimating vascular load
In 20 of our patients, SAC was B0.6 ml/mmHg/m2. CA-
ASR in these patients was significantly lower (0.63 ± 0.21
vs. 0.84 ± 0.27 s-1, p\ 0.01). In 14 of our patients, TVR
was[2,000 dynes/sec/cm-5. CAASR in these patients was
also significantly lower (0.82 ± 0.25 vs. 0.56 ± 0.20 s-1,
p\ 0.01). Low SAC and elevated TVR were observed
together in 11 patients. These subjects had the lowest
CAASR values, compared with other patient subsets where
SAC and TVR values were normal, or where SAC values
alone were low and TVR normal (CAASR: 0.86 ± 0.27,
0.74 ± 0.19, and 0.54 ± 0.19 s-1, respectively; p\ 0.01)
(Fig. 5).
Table 2 Correlations of circumferential ascending aorta strain rate
Clinical variables CAASR
r p
Age (years) -0.49 \0.01
Body surface area (m2) 0.54 \0.01
Systolic arterial pressure (mmHg) -0.28 0.71
Diastolic arterial pressure (mmHg) 0.05 0.42
Pulse pressure (mmHg) -0.36 0.02
Heart rate (bpm) -0.03 0.84
Aortic elastic properties—afterload data
Maximal ascending aortic diameter (cm) 0.10 0.82
Minimal ascending aortic diameter (cm) 0.26 0.51
Stiffness index, b1 -0.59 \0.01
Systemic arterial compliance (ml mmHg-1 m-2) 0.54 \0.01
Total vascular resistance (dyne s cm-5) -0.49 \0.01
Aortic distensibility, D, (cm2dyne211026) 0.21 0.17
Aortic valve data
Indexed aortic valve area (cm2/m2) 0.44 \0.01
Dimensionless velocity index 0.34 0.02
Energy loss index (cm2/m2) 0.38 0.01
Mean aortic gradient (mmHg) -0.28 0.07
ZVA (mmHg/ml m
2) -0.59 \0.01
Left ventricular data
Stroke volume index (ml/m2) 0.36 0.02
LV ejection fraction by Simpson (%) 0.31 0.04
LV mass indexed (g/m2) -0.12 0.42
Relative wall thickness -0.15 0.32
Global longitudinal e (%) -0.16 0.34
E/e’ -0.37 0.01
CAASR circumferential ascending aortic strain rate, LV left ventric-
ular, ZVA Valvulo-arterial impedance
Table 3 Model 1: Clinical parameters to predict CAASR
Variables b T p
Age (years) -0.29 -2.0 0.05
Body surface area (m2) 0.32 2.13 0.04
Pulse pressure (mmHg) -0.25 -2.0 0.052
F 9.0 (p\ 0.01), R2 = 0.40
Table 4 Model 2: Afterload parameters to predict CAASR
Variables b T p
Stiffness index, b1 -0.42 -3.4 0.02
Systemic arterial compliance
(ml mmHg-1 m-2)
0.24 1.7 0.89
Total vascular resistance (dyne s cm-5) -0.22 -1.7 0.10
F 13.0 (p\ 0.01), R2 = 0.49
Table 5 Model 3: Valvular and left ventricular parameters to predict
CAASR
Variables b T p
Indexed aortic valve area (cm2/m2) 0.31 2.16 0.04
Stroke volume index (ml/m2) 0.19 1.34 0.19
E/e’ -0.29 -2.23 0.03
F 6.3 (p\ 0.01), R2 = 0.32
Table 6 Model 4: Final linear regression model to predict CAASR
Variables b T p
Age (years) -0.25 -1.88 0.07
Body surface area (m2) 0.13 0.89 0.38
Stiffness index, b1 -0.41 -3.55 \0.01
Indexed aortic valve area (cm2/m2) 0.21 1.95 0.06
E/e’ -0.16 -1.26 0.22
F 10.4 (p\ 0.01), R2 = 0.57
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Overall, we found that valvular and vascular compo-
nents evolved in parallel. iAVA and CAASR values
declined in tandem, along with increases in SVR (supple-
mental Table 1). However, SAC and stiffness index did not
share this relationship.
Discussion
Our findings, based on 2D-ST technology, demonstrate the
following concepts: (1) high feasibility and reproducibility
of global CAASR determinations in patients with moderate
to severe AS; (2) correlation of CAASR and multiple
parameters by univariate analysis, but b1 index was inde-
pendently associated with CAASR; (3) association of
CAASR with a SAC decline, a TVR elevation and with the
LV remodeling process; (4) prognostic influence of
CAASR.
Fig. 3 a Bland–Altman plot of intra-observer global CAASR (s-1)
variability (Bias, 0.01 s-1; 95 % CI -0.08 to 0.1 s-1). b Bland–
Altman plot of inter-observer global CAASR (s-1) variability (Bias,
-0.02 s-1; 95 % CI -0.16 to 0.11 s-1)
Table 7 Follow up Data
Endpoints CAASR (s-1) CAS (%)
1.Mortality
Yes (n = 14) 0.61 ± 0.18 5.9 ± 2.9
No (n = 31) 0.80 ± 0.28 6.9 ± 3.1
p value 0.028 0.28
2.Cardiovascular mortality
Yes (n = 10) 0.59 ± 0.19 5.8 ± 3.0
No (n = 35) 0.78 ± 0.27 6.4 ± 3.0
p value 0.05 0.55
3.Aortic valve replacement
Yes (n = 11) 0.76 ± 0.26 6.0 ± 2.7
No (n = 34) 0.74 ± 0.27 6.4 ± 3.1
p value 0.80 0.70
4.Heart failure dmission
Yes (n = 14) 0.74 ± 0.25 5.6 ± 2.6
No (n = 31) 0.75 ± 0.27 6.6 ± 3.1
p value 0.94 0.34
5.Combined endpoint
Yes (n = 29) 0.73 ± 0.25 5.9 ± 2.9
No (n = 16) 0.77 ± 0.29 6.9 ± 3.1
p value 0.56 0.28
CAASR circumferential ascending aortic strain rate, CAAS circum-
ferential ascending aortic strain
Fig. 4 Survival during long-term follow up stratified by CAASR
cutpoint of 0.66 s-1
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Circumferential ascending aorta strain rate
Declining arterial elasticity is largely attributable to pro-
gressive degeneration of elastin fibers within the media of
arterial walls [26]. Collagen fibers gradually increase as a
consequence, promoting stiffness and thickness of vessels.
Such changes are especially important in proximal aorta,
which is rich in the elastin fibers needed to support each
systolic impulse and to accommodate stroke volume [27].
Arterial stiffness is one of the earliest detectable manifes-
tations of adverse structural and functional changes within
vascular walls. Stiffness increases with age in relatively
healthy individuals and in the presence of hypertension,
diabetes, and obesity [9].
This degenerativeprocess is thenbound to influence2D-ST
echocardiographic vascular mechanics [9]. In graphic depic-
tion of the SR curve, circumferential SR assumes an early
positive value during LV systole, as vessel wall expands to
accommodate vascular flow. Large arteries are thus tasked
with providing adequate buffering during each ventricular
contraction through arterial-ventricular coupling.
Vascular circumferential SR was first conceived by
Oishi et al. [9]. The original paper explores the vascular
mechanics (e and SR values) of abdominal aorta, asserting
that vascular SR not only reflects the vascular degenerative
aging process but also constitutes a better index within
differing age groups, compared with the b1 stiffness index
[9]. Other studies have supported the feasibility and utility
of circumferential vascular assessment as well, especially
work by Bjallmark et al. [6]. These investigators showed
that in the common carotid artery, evaluation of vascular
mechanics (including SR) via 2D-ST technology proved
superior to conventional measures of vascular stiffness in
assessing elastic properties of vessels [6]. Moreover, an
important clinical implication of vascular e and SR has
been demonstrated recently. Parameters of carotid arterial
vascular mechanics have served to predict past history of
stroke in older subjects with existing increases in vascular
stiffness [28]. It has also been shown that e values of
thoracic descending aorta, generated by velocity vector
imaging software, are significantly lower in patients with
AS, compared with values of patients with aortic regurgi-
tation (AR); and that a bicuspid aortic valve negatively
impacts aortic e value in patients with either AS or AR
[29].
To the best of our knowledge, this is the first effort to
assess deformation of thoracic ascending aorta in terms of
vascular SR. In related research on thoracic aortic
mechanics, Vitarelli et al. [11] relied on tissue Doppler
imaging and radial parameters. Radial deformation asses-
ses the process of vascular thickening, which in our opinion
is not conceptually equivalent with vascular wall defor-
mation. Others have also demonstrated the poor perfor-
mance of radial deformation in predicting vascular
stiffening [6]. From our data, we found that locally asses-
sed vascular stiffness was independently associated with
CAASR, supporting vascular SR as best gauge of degen-
erative vascular remodeling.
Is CAASR useful for patients with aortic stenosis?
It is currently acknowledged that an imbalance in LV
hemodynamic load increases and the capacity to overcome
such increases is responsible for adverse outcomes in AS
[3]. Not only is LV afterload increased by valvular
obstruction, but vascular load is similarly increased. It is
also well-established that reduced systemic compliance
exists in [40 % of patients with AS. This reduction in
arterial compliance then exacerbates the LV afterload
burden, culminating in adverse clinical events [2]. The
changing face of this disease underscores a need for more
comprehensive assessment of AS, beyond classic variables,
such as peak jet velocity, pressure gradients, valvular area,
and LV function.
Through this investigation, we have shown that CAASR
may be a useful non-invasively derived variable for
studying the vascular component of AS, independent of
blood pressure and LV performance measures, such as
stroke volume. Lower CAASR correlated with increased
vascular stiffness, thus indicating a higher global LV
afterload. Importantly, CAASR was associated with both a
pulsatile component of arterial load (SAC) and a static one
(TVR). Contrary to other studies of vascular deformation,
CAASR and blood pressure were unrelated [28]. Never-
theless, we believe our data are corroborated elsewhere in
medical literature, where up to one-third of patients with
AS have pseudo-normalized blood pressure due to reduced
SAC and superimposed LV dysfunction [2, 30]. Our data
also indicate a significant correlation between CAASR,
estimated LV filling pressures, and LVEF, all of which
Fig. 5 CAASR in three patient subsets: normal SAC ? normal TVR
(n = 22); low SAC ? normal TVR (n = 8); low SAC ? elevated
TVR (n = 11) (p\ 0.01)
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attest to the critical influence of vascular changes on the
ventricular remodeling process, even in patients with
moderate to severe AS.
In the setting of AS, we recently identified SVI as the
most important determinant of circumferential ascending
aortic e, meaning that circumferential vascular deformation
was dependent on change in vascular flow and not on local
vascular wall properties [12]. Herein, we found that the
vascular stiffness index (b1) was strongly associated with
CAASR, suggesting that the rate of circumferential vascular
deformation corresponds with local arterial rigidity. CAAS
and CAASR thus are complementary parameters that may
aid in the non-invasive echocardiographic assessment of
stroke flow and vascular load in patients with AS.
Although the primary aim of our study was to analyse
the physiological determinants of CAASR in patients with
degenerative AS, as an exploratory endpoint we also we
also assessed clinical outcomes. We were able to demon-
strate an association of thoracic ascending aortic mechan-
ical parameters (namely CAASR, but not CAAS) with
mortality during long-term follow-up. Therefore, we sug-
gest that future research should focus on the clinical use-
fulness of aortic mechanics over classic outcome prediction
variables, such as AVA, LV systolic and diastolic perfor-
mance, flow, and vascular load.
Clinical implications
Given the feasibility and reproducibility of 2D-ST global
CAASR, we advocate its routine use in assessing the vas-
cular loads of patients with AS. Of particular note, CAASR
is a non-invasive echocardiographic parameter, unaffected
by blood pressure and LV performance.
Limitations
Our analyses were based on a single centre, observational
study, with a small number of patients. Brachial blood
pressure was utilized, rather than central blood pressure.
Brachial pressure is generally higher than central pressure,
although recent data supports a reasonable clinical agree-
ment between non-invasive brachial pressures and directly
measured central aortic pressures in patients with AS [31].
To date, there is no gold standard for evaluating local
arterial stiffness. As a matter of protocol, we chose vas-
cular stiffness index [32] to validate CAASR. A recent
study found no relationship between vascular mechanics
and pulse wave velocity, suggesting that vascular e and SR
reflected local (not global) arterial stiffness [28]. We also
had no invasive data regarding cardiac output, total sys-
temic resistance and systemic vascular compliance.
Conclusions
CAASR determination showed high feasibility and excel-
lent reproducibility in patients with moderate to severe AS.
The stiffness index was independently associated with
CAASR, and it had long-term prognostic influence, making
CAASR a promising tool for studying the vascular loading
component of patients with AS.
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